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ABSTRACT 
The purpose of these experiments was to evaluate 
the effectiveness of treating manufactured catheters with a 
radio-frequency induced plasma to obtain decreased static 
and dyna~ic friction between treated and nontreated cathe-
ters. This was accomplished by treating the catheters for 
0, 5, 30, 120 and 300 seconds and inserting the treated 
catheter through the lumen of a larger diameter, nontreated 
catheter, around a loop, and measuring the force required 
to initiate and maintain movement of the inner catheter 
through the secured outer catheter. 
Silicone rubber, polyethylene and two different 
polyurethanes were studied dry and in three different fluid 
media; wetted, hydrated in a physiologically buffered 
saline, and in a 10 mg/ml albumin solution. X-ray photo-
electron spectroscopy was performed on all dry catheters to 
determine surface chemical composition before and after 
radio frequency glow discharge treatment. Water contact 
angles were obtained on all dry catheters to determine the 
hydrophobic/hydrophilic nature of the catheters before and 
after treatment. Microscopic evaluation and infra-red 
absorption studies were also performed on some catheters to 
correlate results. A short in-vivo study was initiated to 
obtain qualitative results of the catheter treatments. 
No correlation between radio-frequency glow dis-
charge treatment times and friction was observed. Earlier 
studies of this type showed some decrease in friction with 
radio frequency glow discharge treatment, although these 
previous tests were performed on pure materials and not on 
manufactured catheters as was done in these experiments. 
There was a definite correlation found between the fluid 
media used and the friction observed. These findings 
varied depending on the catheter materials utilized. 
Further study is necessary to evaluate the basis behind 
these findings. 
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The use of catheters as a diagnostic tool for the 
clinical physician has rapidly grown. Since the early days 
of catheterization, when, in 1929, Dr. Werner Forssmann 
advanced a ureteral catheter up his own antecubital vein to 
the right atrium of the heart and proceeded to walk up 
several flights of stairs to the X-ray department to 
document the achievement (1), the usefulness of such a tool 
was perceived. Although Dr. Forssmann's findings were not 
initially well received, in 1941 Cournand and Ranges (2) 
reported on a technique for catheterization of the right 
heart to aid in the understanding of the fundamental 
physiological problems existing in many forms of congenital 
and acquired heart disease. 
Since these initial reports on catheterization 
there has been a steady increase in the clinical value of 
the data which may be obtained from not only cardiac 
catheterization but from other forms of catheterization. 
For example, angiography occupies a unique place in 
medicine as an invaluable aid in the diagnosis of diseases 
of the viscera, such as tumors. The damage to some 
arteries caused by atheromatous change is often reflected 
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in the arteriogram by inj ecting radiopaque dye into the 
artery via a catheter and observing variations in the 
structure of the artery (3). 
Other applications of catheters include their use 
in long-term intravenous feeding (4,5) drug delivery to 
specific organs (6,7), monitoring local blood pressures 
(8,12), occlusion of blood vessels to decrease or eliminate 
blood flow to specific areas (13-15), to aid in the removal 
of gallstones and kidney stones (16), and "squashing" 
plaques with a balloon-tip catheter to clear blocked 
arteries (17). A well known, and widely used, catheter 
system developed in recent years is the Swan-Ganz catheter 
(18,19) which is used to monitor cardiovascular pressures 
through a balloon-tipped catheter which is advanced to the 
proper area by allowing the balloon to "float" in the vein. 
Other fairly recent developments include catheters with 
fiber optic aximeters, intracavitary phonocatheters and 
many others (18). 
Complications are associated with the use of these 
catheter systems. Some maj or complications include 
myocardial infarctions during cardiac catheterization (20), 
air and fragment embolisms (21), cerebral and pulmonary 
ischemia (22), septic endocarditis (23), and mortality 
(24). Other complications include thrombus formation 
(25-27), infection (28-30), lost catheters (31), thrombo-
phlebitis (32), hematoma (21), and even defective limb 
growth (33,34). 
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With all of the advances in catheter technology, 
one particular technique has recently evolved that deserves 
special attention; it is the coaxial catheter system (35) 
used for many practical clinical situations. Among these 
are the closure of the carotid cavernous fistulae, reduc-
tion of epistaxis, embolization of small tumors otherwise 
inaccessible with larger catheters, and possible reversible 
sterilization by occlusion of the fallopian tubes or 
testicular veins. 
Another exciting development has been the use of 
these coaxial catheters as an option to surgical procedures 
on the coronary arteries on those patients with acute 
myocardial infarctions (36). A large outer catheter is 
advanced up the aorta and placed at the entrance to the 
coronary artery_ A smaller inner catheter is inserted 
through the larger outer catheter into the coronary artery 
and located in proximity to the plaque occluding the 
vessel. Thrombolysin (streptokinase and plasmin) is 
subsequently administered to dissolve the plaque, thereby 
eliminating the obstruction of blood flow to the ischemic 
tissue. 
One persistent and irritating problem inherent in 
the coaxial system is the friction encountered when the 
smaller, inner catheter is manipulated through the larger, 
outer catheter (37). Although this problem is not only due 
to polymer-polymer surface interaction, it has been shown 
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that various treatments of the polymer surface may reduce 
the inherent friction (38). 
This investigation attempts to define the variables 
involved in the polymer-polymer interactions resulting in 
friction, and subsequently analyze attempts to reduce the 
friction by the use of a radio frequency glow discharge 
surface modification. Other possible techniques for 
friction reduction are briefly discussed. 
CHAPTER 2 
BACKGROUND 
2.1 Catheter Materials 
There are a vast number of polymers employed in the 
manufacturing of catheters. The most common of these 
include polyvinyl chloride (PVC), polyurethanes, poly-
ethylene, polytetrafluoroethylene (Teflon) and silicone 
rubber. These catheters range from hard, rigid, 
steel-reinforced, large configurations to flaccid, elasto-
meric, small-diameter catheters. 
Many commercially produced catheters contain 
additives to allow extrusion of the polymer as well as to 
provide stabilization of the finished product. These 
additives include antioxidants (39), ultraviolet (UV) 
stabilizers (40), plasticizers (41), processing aids (such 
as surface and internal lubricants) (39,42), and colorants 
or pigments (for aesthetic or optical purposes) (39). 
Fillers such as silica (sand), glass beads, or carbon 
fibers may be utilized to enhance mechanical properties or 
provide bulk to the material (39). There are also fillers 
such as heavy metal compounds added to furnish radiopacity. 
Polyethylene, two types of polyurethanes, and 
silicone rubber were used in this study. 
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2.1.1 Polyethylene 
Polyethylene is a homopolymer of ethylene produced 
by addition polymerization. Its backbone structure is: 
Two types of polyethylene are manufactured 
commercially, high-density polyethylene (HDPE) and 
low-density polyethylene (LDPE). The HDPE is a very linear 
polymer with very few side chains. It is usually 75% 
crystalline with a density of 0.955 to 0.970 g/cm3 (38). 
Low-density polyethylene has a density of approximately 
0.900 to 0.935 g/cm3 (38) with extensive branching and is 
usually r.J 50% crystalline. Low-density polyethylene is 
therefore much more suitable for catheter material since 
the lower degree of crystallinity means a less rigid 
material with better handling characteristics. The 
high-density polyethylene is used for applications wherein 
a very hard, rigid material is desired, e.g., acetabular 
socket for hip replacement. More about polyethylene can be 
found in Reference 43. 
2.1.2 Polyurethane 
Polyurethanes are complicated materials that vary 
dramatically in composition. Basically, a polyurethane is 
composed of three parts, a soft segment, a hard segment, 
and chain extenders. The soft segment of polyurethane is a 
polyol such as hydroxy-terminated polyester (e. g., poly-
ethylene adipate, poly -caprolactone), polyether (e.g., 
polypropylene oxide, polytetramethylene gylcol), or other 
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polyols (e.g. hydroxy-terminated polybutadiene, polyiso-
butylene, fluorinated polyethers, polydimethyl siloxane 
(PDMSO), and phosphorous containing oligomers). 
The hard segment is obtained with an excess of a 
difunctional isocyanate. The most commonly used 
diisocyanates are 4,4' diphenylmethane diisocyanate (MDI), 
hexamethylene diisocyanate (HDI) , and 2,4 tolylene diiso-
cyanate (TDI). 
The chain extenders are of two types, a diol of 
diamine creating either a urethane 
or a urea 0 





linkage. The general reaction for a diol-based urethane is 
shown in Equation 2.1 (44). 
HO NVVOH + OCN-R-NCO (excess) 
polyol diisocynate 
H H t H H 
OCN-R-N-COO f'VV\IV\ OOCN-R-NCO 
capped polyol ! HO-R'-OH glycol (extender) 
H H 
of [0 ;vvOtCONRNCOflVVV] ~ 
n 
[2.1] 
Thus, a segmented polyurethane block copolymer is 
produced. The above reaction resul ts in a polydispersed 
block copolymer with an -OH/-NCO ~1.0. 
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Urethanes with polyether polyols usually have 
better hydrolysis resistance and poorer oxidative stability 
than those with polyester soft blocks. Therefore, because 
of the environment in which they will be utilized, 
catheters are more frequently composed of polyether-type 
urethanes. As can be seen, a wide range of polyurethanes 
can be produced to meet specifications which match the 
desired final usage of the material. 
2.1.3 Silicone Rubber 
Silicone rubber is a polymer of dimethyl siloxane 
(PDMSO) with a backbone of: 
[2.2] 
This polymer can be cross-linked to produce an elastomeric, 
more stable product. Medical-grade silicone rubbers are 
either room temperature vulcanized (RTV) , whereby the 
polymer is vulcanized with reaction of two separate 
chemical components or reaction with air, or heat 
vulcanizing where heat is applied to overcome an activation 
energy (45). 
One-component RTV silicones are vulcanized by a 
reaction with atmospheric water to release acetic acid and 





to be hydrolyzed. This leaves an hydroxy group in place of 
the acetate. The dimethyl siloxane with an hydroxy-
terminated end reacts with the hydroxylated cross-linking 
agent, producing a vulcanized rubber. This is shown in 
Equation [2.3] (46). 
rR3 





























CH3-Si-O-Si-R + 3H20 I I ? CR3 
CH3-Si-CH3 [2.3b] I 
R 
2.2 Plasma Treatment 
A plasma is defined as an unstable environment of 
ions, metastable electrons in excited states, atoms of a 
given gas and intense UV visible radiation. This plasma is 
created by supplying energy to a gaseous system under 
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partial vacuum. Two general methods are employed to supply 
energy to the system (47,48). The first is an electrode 
discharge system, the other uses radio frequency energy to 
create the plasma. The electrode system tends to run at 
high temperatures, which may be undesirable for many 
applications, especially with polymers. The radio 
frequency method is performed at ambient temperatures, 
which is usua lly more des irab Ie. The gas used in the 
plasma is dependent upon the desired surface alteration. 
The most corrnnon gases used are either the inert gases 
(i.e., He, Ar), or a reactive gas (02' NH3 , H2 , etc.). 
A plasma reacts with the surface of the polymer, 
thereby creating different or altered species on the 
surface. For example, Hollahan reports a massive 
hydroxylation of polymethylsiloxane surfaces upon treatment 
with oxidizing plasmas (49). 
Westerdahl et ale concluded that the plasma only 
affects the top few molecular layers (50), although the 
depth of penetration of the plasma is a function of the 
power applied to the radio frequency as well as the 
duration of the discharge. 
Calspan Corporation has used the technique of RFGD 
for sterilization of polymers (51). E. coli and bacillus 
stearothermophilus were deliberately incorporated into 
polymers and exposed to nine-minute treatments with the 
vacuum RFGD apparatus. The power setting was unspecified. 
Complete killing of the bacteria occurred. 
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A possible side effect of RFGD which could prove to 
be detrimental to polymers is photodegradation (52). 
Polymers containing no photostabilizers can be severely 
degraded by the ul traviolet light which is produced upon 
discharge. The light produced in the visible region is why 
the technique is termed "glow" discharge. 
2.3 Friction 
It has been shown that there are essentially two 
principal parts involved in frictional forces between two 
surfaces in relative motion (38,53). The first arises from 
the adhesive forces over the area of real contact between 
the two surfaces. This adhesive force is a direct result 
of the chemical interactions between the surfaces. These 
chemical interactions include covalent bonding, ionic 
bonding, hydrophobic-hydrophilic interactions, Van der 
Waals forces, and hydrogen bonding. Since the surfaces are 
in relative motion, these interactions play a small but 
significant role in the friction process. 
The second, and more influential component, is that 
of a displacement or "plowing" term resulting from the 
interpenetration of asperities or protrusions on the two 
surfaces. The asperities interact with the opposing 
surface to plow into the outermost layers, thereby creating 
a resistance to movement of one surface relative to the 
other. These asperities may be the result of manufacturing 
or preparation of the polymer. 
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In addition friction between elastomers seems to be 
of a slightly different nature. Schallamach (54) and 
Roberts (55) describe a technique for looking at friction 
of elastomers by sliding a spherical rubber slide over a 
clean glass plate. They observed a buckling of the rubber, 
creating "waves of detachment," or Schallamach waves, which 
progressed from the leading edge to the back of the contact 
area at high speeds. A continuous dehesion occurred on one 
side of the wave, while the other side readhered. This 
frictional force was therefore not attributed to 
interfacial sliding; rather frictional work was associated 
with the energy loss of the dehesion-readhesion phenomenon. 
As the rubber material becomes harder the waves become 
smaller, and occur at high frequencies. 
Two general techniques have been attempted to 
reduce friction in polymer systems. The first method is 
bonding of chemical lubricants to the surface of the 
polymer, the second is by surface treatment by means of 
radio frequency glow discharge. Two main types of chemical 
lubricants, hydrogels and glycosaminoglycans, show promise 
as friction-reducing agents. Use of a hydrogel called 
"Hydromer" by researchers at NIH (56) has proven to be a 
breakthrough in the problem of friction reduction. A 
nontreated catheter is defined as having a coefficient of 
friction if) of 1; the "Hydromer" showed a f- of O. 33--a 
significant reduction. An inherent problem with this 
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material is "sloughing off" of the bonded lubricant, 
producing possible emboli, which makes the hydrogel 
impractical in many clinical situations. The second 
chemically bonded lubricant, the glycosaminoglycans (57), 
shows promise as a friction-reducing agent. 
Finally, the technique of RFGD applied to polymers 
has been extensively studied (38,58,59) and researched by 
means of x-ray photoelectron spectroscopy (XPS) (60,61). 
Radio frequency glow discharge alters the surface chemistry 
of the polymer, thereby changing the variables which affect 
friction between two polymer surfaces. This method of 
polymer treatment, with a flat plate geometry, has produced 
a 10 to 30% reduction in friction (38). Although this is 
not as significant as the aforementioned chemical 
lubricant, it does alleviate the problem of lack of surface 
stability. 
CHAPTER 3 
MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Polyurethane 1 
This catheter material was supplied by Cordis 
Corporation (Miami, Florida), and is given the abbreviation 
PU and PU1 for the outer and inner catheters, respectively. 
The material is a Ducor polyurethane developed in 
collaboration between Dupont Chemical Company and Cordis. 
Infrared spectroscopy shows this material to be almost 
identical to the polyurethane, Pellethane. Pellethane 
consists of a polytetramethylene glycol soft segment, MDI 
(4,4' diphenylmethane diisocyanate) hard segment, and a 
butane diol chain extender. This polyurethane is therefore 
a polyether type with a combination of urea and urethane 
linkages. A barium sulfate filler is used to provide 
radiopacity. 
The outer catheter (PU) is a stainless steel 
reinforced material with an I.D. of 0.05 in. and an O.D. of 
0.10 in. The inner Ducor catheter (PU1 ) has no reinforce-
ment, an I.D. of 0.025 i~ and an O.D. of 0.0425 in. 
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3.1.2 Polyurethane 2 
This small diameter catheter material was supplied 
by Becton-Dickinson (Fairfield, New Jersey), and is 
abbreviated PU2 , for this study. This catheter was used 
strictly as an inner catheter for these studies. 
Comparison of IR spectra shows this material to have a 
smaller N-H stretch and a much smaller c-o stretch 
component when ratioed to the C-H stretch at 2800 to 3000 
-1 
cm These facts point to a polyurethane with a higher 
percentage of urethane linkage and a comparatively low 
ether component. This is confirmed by x-ray photoelectron 
spectroscopy data. A bismuth oxychloride (BiOCl) compound 
is used as a radiopaque filler. 
These catheters are not totally cylindrical, rather 
they are slightly eliptical due to the manufacturing 
process. The outer diameter of the larger part of the 
ellipse is 0.027 in., wi th the smaller at 0.024 in. The 
inner diameter is circular at 0.012 in. 
3.1.3 Silicone Rubber 
The silicone rubber catheters used in this study 
were donated by Cook Inc. (Bloomington, Indiana). This 
small diameter catheter was used only as an inner catheter 
for these studies. These catheters are black due to carbon 
(graphite) filler particles, as seen with visual 
microscopy. These particles are noncontiguous, which 
disallows electrical conductivity, as was proven by testing 
with an ohmeter. 
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No radiopaque fillers are employed in 
these catheters, and therefore a contrast solution must be 
used by the clinician to enhance visual acuity with fluoro-
scopic methods. 
The dimensions of these catheters are: O.D. 0.033 
in, ID 0.016 in. 
3.1.4 Polyethylene 
The polyethylene catheter used in this study is 
manufactured by Becton-Dickinson (Fairfield, New Jersey). 
It is a No. 7 French catheter with a bismuth compound used 
for radiopacity. The dimensions of these catheters are: 
O.D. 0.08 in., I.D. 0.06 in. The polyethylene catheter was 
used only as an outer catheter. Therefore, no treatments 
or testing was performed on the polyethylene catheters. 
3.2 Methods 
3.2.1 Preparation of Materials 
Catheter sections approximately 5 cm long were 
prepared for x-ray photoelectron spectroscopy (XPS) and 
Wilhelmy plate contact angle analysis. The catheters that 
were friction tested were 14 cm and 30 cm for the inner and 
outer catheters, respectively. The first catheter material 
in the pair is the outer catheter and the second material 
is the inner. 
For the in-vivo tests, outer catheters were 
approximately 66 cm in length; inner catheters were 
approximately 82 cm in length, and were treated following 
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the same procedures as those for XPS and contact angle 
analysis, explained below. 
All catheters were first cleaned, as received, in a 
Bransonic 12 ultrasonic cleaner for 10 minutes in 95% 
ethanol and allowed to dry in room air for five minutes. 
Radio frequency glow discharge was then performed for the 
desired time; untreated catheters were used as controls. 
The materials prepared for XPS were stored in a vacuum 
dessicator for 24 hours prior to analysis, as a result of 
the excessive outgassing observed, to remove EtOH trapped 
in the po lymer . All catheters were handled with latex 
rubber gloves rinsed thoroughly with distilled water. The 
catheters were transported and stored in sterile 
polystyrene petri dishes from Falcon Labware (B-D) and all 
fluid equilibration of the catheters was done in these same 
dishes. 
3.2.2 Radio Frequency Glow 
Discharge 
Radio frequency glow discharge was done in a 
Plasmod instrument (Tegal Corporation, Richmond, 
California) . Cleaned samples were placed on the center 
portion of the sample rack located along the mid-axis of 
the sample chamber (Fig. 3.1). The longer catheters were 
wrapped around the three center cross-bars of the sample 
rack, maintaining a position in the center of the chamber. 
A schematic of the apparatus is shown in Figure 3.2. 
Helium (Hatheson 99.99% pure) and oxygen (D. S. Welding 




Figure 3.1 Radio frequency glow discharge apparatus. 
A - End-on view of sample chamber with sample 
rack in center. B - side view of sample' 
chamber with sample rack. C - Side view of 
RFGD apparatus showing sample chamber, with 












Figure 3.2 Schematic representation of the radio frequency glow discharge apparatus 




Company, 99% pure) were used as the inert and reactive 
gases, respectively. Helium was chosen over other gases to 
compare and contrast with studies done by Triolo (38) in 
which helium was used for polymer treatment in the RFGD 
equipment. 
The sample chamber was evacuated to 50 rHg and 
subsequently purged with helium (He) to atmospheric pres-
sure. This process was repeated three consecutive times to 
eliminate any contaminant reactive gases present. The 
variable leak valve was then set to allow the chamber to 
equilibrate at 200 ±10 ;A- Hg. The radio frequency (RF) 
power was turned to approximately 35 Wand the samples were 
treated for times of 5, 30, 120 or 300 seconds. A separate 
sample was utilized for each treatment time. The helium 
gas was then turned off and the chamber was purged with 
oxygen to quench any unreacted species on the surface. 
The sample chamber was cleaned periodically by 
using high RF power for long periods of time. A positive 
oxygen pressure was maintained during times when the sample 
chamber was open to keep contaminants to a minimum. 
3.2.3 X-ray Photoelectron 
Spectroscopy 
X-ray photoelectron spectroscopy (62,63), also 
termed ESCA (electron spectroscopy for chemical analysis), 
involves exposing the specimen to a flux of monoenergetic 
radiation with energy h~, and observing the resultant 
emission of photoelectrons. The kinetic energy of these 
photoelectrons is simply described by the equation, 
hv = E b 
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in which Eb is the binding energy or ionization potential, 
and EKIN is photoelectron kinetic energy, and ~sp is the 
spectrometer work function (~4.0eV). 
Once the kinetic energy of these photoelectrons is 
determined the resultant binding energy of the emitted 
photoelectrons can be computed. The kinetic energy of the 
photoelectrons is dependent upon the direction of emission, 
the radiation energy used to excite the surface of the 
specimen, and the chemical environment from which they 
came. The measurements obtained with these experiments 
o 
allowed examination of the top 100 A of the specimen. 
For these experiments, a Hewlett-Packard 5950B ESCA 
spectrometer was utilized. This spectrometer uses Alkec. 
monochromatized radiation at 1487 eVe The x-ray power 
source was run at 800 Wand the analysis chamber was 
evacuated and samples were run at 10- 7 to 10-9 torr and 
ambient temperatures. An electron flood gun was set at 0.5 
rnA and 3 eV to minimize surface charging effects. A 
Hewlett-Packard 9845 computer was used as an aid in the 
collection and processing of data. 
Catheter samples were cut to fit on a copper 
substrate with two-sided tape to secure the catheters. The 
catheters were laid side by side on the substrate and 
covered with a gold mask containing a 3 mm x 6 mm window. 
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The sampling area of the spectrometer is a 1 mm x 5 mm area 
in the center of the window. 
Wide scans of 0-1000 eV were performed to determine 
the elemental composition. Areas under the respective 
peaks were taken with the 9845 computer and atomic percent 
ratios were determined. 
3.2.4 Contact Angle 
Two methods for measuring contact angles are 
employed in this laboratory. First is the captive bubble 
technique wherein either an air or octane bubble is placed 
on the underside of a sample submerged in water. The 
dimensions of the bubble are used to calculate the contact 
angle, which can then be related to the surface free energy 
(64). This technique tends to be slow and tedious and only 
provides a measure of the polymer-water-air receding 
contact angle. 
:Host polymers exhibit both advancing and receding 
contact angles which are stable. The difference between 
the two angles is defined as contact angle hysteresis. 
This hysteresis is a function of how the sample being 
tested responds to the fluid in which it is immersed as 
well as to surface roughness and surface heterogenicity. 
Langmuir (65) suggested that hysteresis is a result of 
overturning of molecules on the surface as the liquid 
advances and recedes over the surface. The Wilhelmy plate 
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method for determining contact angle provides this 
information (66). This is the method used in this study. 
A mechanical tester (Scott CRE/SOO Mechanical 
Tester) raises and lowers a platform on which a beaker of 
2X distilled water is placed. The rate of movement of the 
crosshead platform is approximately 40 mm/min. Above the 
platform is an electrobalance (Cahn RM-2 Ventron 
Corporation, Paramount, California) from which hangs a hook 
from which the sample to be tested is hung (Fig. 3.3). As 
the crosshead is raised, the sample is immersed in the 
water and the resultant weight differential is plotted on 
an Hewlett Packard X-Y recorder. As penetration of the 
sample continues, a straight line is produced on the 
recorder. This line is extrapolated to a zero depth of 
immersion to eliminate bouyancy effects and the mass is 
measured at this point. 
determined by the equation 
The contact angle is then 
where 
F = mg + p 'I cos -& 
or 
cos ~ = F-mg 
pI 
m = mass of catheter (grams) 
F = force measured by the balance 
g = local gravitational force (979.3 dynes/gm) 
p = perimeter of sample (cm) 
r = surface tension of wetting liquid; for water 1= 
72.6 dynes/em at 20°C 
~-----------~'-------------.' 
.. ---_ .. - -_._.--_ ... --







Figure 3.3 Apparatus used for determination of contact 
angles by the Wilhelmy plate method. A - H-P 
X-Y recorder. B - Electrobalance. 
C - Crosshead. D - Sample platform. 
E - Beaker for distilled water 
24 
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This is shown graphically in Figure 3.4. 
F 
SAMPl e 
Figure 3.4 Illustration showing determination of values 
used for determining contact angles with the 
Wilhelmy Plate method 
The enclosure of this apparatus is kept at a 
constant temperature (20°C) and constant humidity (30% RH). 
The sample dimensions were first measured and the 
end of the catheter not to be innnersed was plugged with 
clay (Critoseal) to eliminate capillary action. Tests were 
run and the catheters' dimensions were measured to 
determine if any swelling had occurred. For the silicone 
rubber catheter, a 30 AWG copper wire was inserted into the 
lumen to keep the otherwise flaccid material more rigid and 
allow for immersion of the sample. 
3.2.5 Friction 
Friction determinations were obtained using the 
apparatus shown in Figure 3.5 and a Scott-CRE/500 
mechanical tester (GCA/Precision Scientific, Chicago, 
Illinois). A five-pound test cell (Interface Inc., 
Scottsdale, Arizona), is attached to the crosshead of the 
mechanical tester. Data is obtained on a Hewlett-Packard 
Figure 3.5 Apparatus used in the determination of friction values. An outer catheter 
is placed under pulleys, wrapped around the loop, and placed under the 
opposite pulley. The inner catheter is fed through the outer catheter 
and attached to a mechanical tester ~ 
m 
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x-Y recorder giving force (in pounds) as a function of 
crosshead distance travelled. 
The dimensions of the catheter pairs determined 
whether 2-in diameter, 3-in diameter, or 4-in diameter test 
loops were used. Some pairs required that no loop be used 
and the catheters were laid straight across the top of the 
apparatus. The arrangements used are as follows: 
PE-PU1 no loop 
PE-PU2 2-in loop 
PE-SR no loop 
PU-PU1 no loop 
PU-PU2 2-in loop 
PU-SR no loop 
The crosshead was lowered to a minimum point, 
approximately 3 cm above the top of the apparatus, and one 
end of the catheter was attached. On the opposite end, the 
inner catheter extended 13 cm beyond the end of the outer 
catheter. Nothing was attached to the end of the inner 
catheter to hinder pulling by the crosshead. The inner 
catheter was then pulled by the crosshead at a constant 
rate of 40 mm/min for 13 cm so that the same quantity of 
surface area was in contact throughout the test. 
The wells in the apparatus were filled with either 
a physiologically buffered saline (PBS) at pH 7.4, PBS with 
10 mg/ml albumin (Pentex bovine albumin fraction V, Miles 
Laboratories, Inc.) or left dry to determine the effects of 
different fluids in contact with the respective surfaces. 
28 
The junction between the inner and outer catheters was 
bathed in the wells so as to maintain a constant source of 
fluid between the catheter surfaces. 
The testing sequence began with the control 
catheter being tested in the dry arrangement, followed by 
the 5, 30, 120, and 300 second RFGD-treated catheters also 
tested dry. Occasionally, the control catheter was run 
again to determine if any effects of continuous testing 
could be observed. Once the dry testing was completed, the 
outer catheter was primed with PBS and the wells in the 
test apparatus were filled with the same PBS solution. The 
inner catheter was initially wetted in the petri dish, in 
the PBS solution, inserted into the outer catheter, 
attached to the load cell, and tested as in the dry case. 
Once the inner catheter was tested, it was 
placed in the PBS solution for four hours. 
removed and 
During this 
time, the outer catheter was not maintained in solution but 
allowed to dry. 
After four hours of hydration, the inner catheters 
were tested as before, the wells being filled with PBS. 
The inner catheters were then soaked for one hour in the 
albumin solution. The outer catheter was primed and the 
wells filled with the same albumin solution, and the 
friction tests were performed as before. 
3.2.6 Infrared Spectroscopy 
Infrared spectroscopy (IR) was performed on the two 
polyurethanes to aid in their chemical identification. The 
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spectrometer used was a Beckman Acculab I. Polyurethane 1 
was dissolved in dimethyl formamide (DMF) at 3.85 mg/ml and 
solvent cast on a clean glass plate. A thin polymer film 
of PU1 was then stripped from the glass, mounted in the 
spectrometer and run. Polyurethane 2 was also dissolved in 
DMF at 3.2 mg/ml and tested as above. 
3.2.7 Mechanical Tests 
Mechanical tests were performed to determine the 
elastic modulus of the respective catheters and were 
compared with literature values. The Scott-eRE/500 
mechanical tester was again used with a 50-lb load cell. 
Only the elastic slope was obtained on the X-Y recorder. 
3.2.8 In-Vivo Tests 
For these tests a 20 to 25 kg male dog was used. 
The dog was anesthetized with a phenobarbital solution and 
a femoral artery cutdown was performed. The polyethylene 
outer catheter was advanced from the femoral artery, up the 
aorta to the hepatic artery, wherein it was advanced 
another 4 to 5 cm into the artery and left there. The 0, 
5, 30, 120 and 300 second treated inner catheters (PU1 and 
PU2 ) were then inserted through the outer catheter, leaving 
enough on the distal end to tie a small knot. No fluid 
pretreatments were performed on the catheters used for the 
in-vivo study. The knot was tied to a hand-held dy-
namometer (FD-200, Weigh and Test Systems, Greenwich, 
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Connecticut), and measurements were obtained by pulling the 
inner catheter out at a constant rate. The maximum force 
values (in grams) were then recorded. 
CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 X-ray Photoelectron Spectroscopy 
Carbon-oxygen ratios were obtained using Scofield 
theoretical cross-sections (67). Variations due to mean 
free path and the throughput function of the spectrometer 
were not taken into account in this study, since most of 
the spectra were obtained in the 0 to 600 eV range. In 
this region, the throughput and mean free path effects 
approximately cancel (68,69,70). Barium, used as a 
radiopaque filler in PU1 , is the only element with a peak 
loca ted above 600 eV, at 781 and 796 eV (Ba 3d). The 
actual barium atomic percent is therefore smaller than that 
reported. 
4.1.1 Polyurethane 1 
Carbon-to-oxygen ratios were obtained from the XPS 
data as a function of treatment time (Fig. 4.1, Table 4.1). 
As can be seen from these results, no increase in surface 
oxidation was evident, which was expected in light of the 
relatively high oxygen content of typical polyurethanes 
(71). The plasma can have varied effects on the surface of 
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Figure 4.1 Carbon-to-oxygen ratios versus radio frequency glow discharge time for 




Table 4.1. X-ray photoelectron spectroscopy derived atomic percent 
compositions at control, 5, 30, 120 and 300 seconds for 









PU 1 77.9 PU2 69.8 SR 40.6 
PU 1 75.4 PU2 77.6 SR NA** 
PU1 81.5 PU2 74.9 SR 35.5 
PU1 75.2 PU2 75.7 SR 24.0 















































* C:O:N = polyurethane catheters 








Bi C/O C:O:Si 
4·.4 26: 6: 1 
0.02 4.0 20:5:1 
1.3 4:3:3 
3.7 30:8:1 
0.04 4.1 20:5:1 
5.7 32:6:1 
0.01 3.7 20:5:1 
0.9 7:8:5 
3.7 30:8:1 
0.4 3.9 20:5:1 
0.5 5:9:6 
5.2 31:6:1 
1.48 3.5 18:5:1 
0.3 3:10:7 
** No 5-second treatment of silicone rubber was examined with XPS 
PU1 = Ducor Polyurethane PU2 = B-D Polyurethane SR = Silicone Rubber (Cook) 
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oxygen nature, although this may not be evident due to the 
high oxygen content of polyurethanes such that oxidation 
may be obscured from the XPS analysis. 
Figure 4.2 shows the effect of plasma treatment on 
this polyurethane. Studies in this department have shown 
binding energy shifts, with respect to the aliphatic 




functionalities, respectively. From this 
knowledge, it can be seen that the polyurethane used in 
this study has a proportionately large amount of the 
urea-type linkage. 
Three peaks can be resolved from the C-1S spectra. 
One is the aliphatic carbon found primarily in the soft 
segment of the polyurethane. The next peak is found 1.5 
eV shifted up in binding energy, most likely corresponding 
to ether-type functionalities. This is supported by the IR 
spectra. The third peak, shifted 4.0 eV, is due to the 
urea linkage mentioned above. These three peaks are found 
in a ratio of aliphatic:ether:urea of approximately 4:2:1 
for the untreated catheter. As treatment time progresses, 
the aliphatic:ether ratio remained constant at 2:1, whereas 
the urea moeity progressively decreased to where, at 5 
minutes of treatment time, no peak was detected. This 
could be evidence for degradation of the polymer surface 
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Figure 4.2 Effect of radio frequency glow discharge treatment on the urea carbon of 
the Ducor polyurethane shifted 4.0 eV from the main aliphatic carbon for 




The constant C:O:N ratio throughout the plasma 
treatment may be evidence for cleavage of the polymer at 
the urea linkage, possibly giving the urea carbon a radical 
or carbonium character which subsequently combines with 
another species to yield an amide functionality. The amide 
group shows a binding energy shift of 1.0 eV, and would 
therefore be obscured by the aliphatic carbon peak. This 
is supported by the fact that the full width at half 
maximum (FWHM) , (Table 4.2) of the aliphatic peak increases 
from 2.0 to 2.3 eV as treatment time progresses to 5 min, 
and no evident oxidation occurs. 
The 0-IS spectra for the untreated catheter shows a 
large FWID1 (Table 4.2), 2. 75 eV, which indicates the 
presence of two or more oxygen species. The main peak can 
be resolved into two separate peaks with a ratio of 1:1 in 
the untreated catheter and a separation of 2.0 eV (Fig. 
4.3) . The higher binding energy peak corresponds to the 
ether oxygen and is seen to diminish with treatment time. 
The lower binding energy peak is most likely due to the 
other oxygens present on the amide and degraded urea 
groups. This is confirmed by the increase of the lower 
binding energy side of the main peak over longer plasma 
treatment times. 
Barium sulfate (BaS04 ) was used as a radiopaque 
filler in these catheters, explaining the presence of 
sulfur in the spectra. Since the oxygen atomic percent 
Table 4.2. Full width at half maximum and peak binding energies obtained with X-ray photoelectron spectro-
scopy for elemental C, 0, N on PU1 and PU2 and C, 0, Si on SR shown at RFGD treatment times of 0, 5, 30, 120 and 300 seconds. 
FWHM (eV} BE 2eak (eV)*** 
RFGD Treatment Time (Sec) RFGD Treatment Time (Sec) 
0 5 30 120 300 0 5 30 120 300 
C 1.1 0.9 0.8 1.0 0.9 284.0 284.0 284.0 284.0 284.0 
PU1 0 1.5 1.4 1.1 1.3 1.2 531.7 531.7 531.5 531.5 531.7 N 1.1 1.1 1.1 1.2 1.2 399.0 399.1 399.0 399.0 398.6 
C 0.8 0.9 0.9 1.0 0.9 284.0 284.0 284.0 284.0 284.0 
PU2 0 2.12 2.12 2.35 2.47 2.47 531.4 531.6 531.6 531.6 531.6 N 1.8 2.12 2.12 2.35 2.35 399.1 399.2 399.2 399.1 399.2 
C 1.1 N/A** 1.3 1.3 1.9 284.0 N/A** 284.0 284.0 284.0 
SR 0 1.4 N/A 1.9 1.9 1.8 531.7 N/A 532.0 532.2 531.9 
*S; 1.3 N/A 2.7 2.2 1.9 101.6 N/A 102.4 103.0 102.8 
* Si 2p; cross section 
** No 5-sec treatment of silicone rubber was examined with XPS 
*** Normalized to C-1S at 284.0eV 
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Figure 4.3 The 0-ls spectra of the untreated Ducor polyurethane, PU1 , showing 




remained constant throughout the plasma treatment, as well 
as Ba and S, it can be assumed that the oxygen present in 
BaS04 remained constant throughout. 
The FWHM (Table 4.2) of the N-1S spectra are 
unchanged over treatment time, which would indicate little 
or no change in the nitrogen species present. The chemical 
shift of the urea nitrogen to an amide nitrogen is 0.4 eV, 
which makes separation difficult. 
4.1.2 Polyurethane 2 
This polyurethane, much like the previous one, 
shows no evidence of oxidation from the C/O ratio (Fig. 
4.4, Table 4.1). This polyurethane contains an excess of 
urethane linkage rather than the urea of the previous 
catheter because of the presence of a carbon shifted 4.6 
eV from the aliphatic carbon. Unlike the previous 
polyurethane, with this material the linkage remains intact 
at the same relative intensity throughout the plasma 
treatment. The ether functionality, at 1.2 eV shifted 
from the aliphatic peak, increases in height with respect 
to the main peak as treatment time increases. This may be 
due to an oxidation of the polymer in the aliphatic chain 
of the soft segment producing the ether moeity. 
A disparity occurs with the increasing ether 
functionality in that the 
constant throughout the 
atomic percent oxygen remains 
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Figure 4.4 Carbon-to-oxygen ratios vs. radio-frequency glow discharge times for 
the Becton-Dickinson polyurethane, PU2 ~ o 
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explanation is that the FWHM of the very symmetrical 0-lS 
peak increases 2.1 to 2.5 eV over time as the ether carbon 
increases (Table 4.2). Here a concommitant increase is 
seen in both the carbon and oxygen quantity, as well as 
nitrogen, producing a constant C:O:N ratio (Table 4.1). 
The N-1S spectra shows an increasing FWHM from 1.8 
to 2.35 eV over the 5-min treatment time (Table 4.2). This 
is obvious evidence for a change in the ni trogen species 
present. Although this is contradictory to the C-1S 
spectrum, which shows no change in the relative height of 
the urethane carbon, it may be that the nitrogen shows more 
urea-type character, as supported by the increasing FWHM of 
the urethane carbon peak found 4.6 eV shifted upfield from 
the main aliphatic peak (Table 4.2). 
The radiopaque filler used for this catheter is 
bismuth oxychloride (BiOC1). Etching and removal of a 
surface layer of polymer by the RFGD process may have 
exposed more filler at the surface. The relatively small 
amount of bismuth present on the surface of the untreated 
catheter increases dramatically over treatment time, some 
700 times. Since no chlorine was observed in any of the 
spectra, it is possible that the chlorine was replaced by 
an oxygen- containing group. This could have possibly 
affected the Bi in such a way as to expose it more on the 
surface of the polymer. This new bismuth filler would then 
aid in the increase of the 0-lS FWHM seen. 
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4.1.3 Silicone Rubber 
The carbon: oxygen: silicon ratio of the untreated 
silicone rubber catheter was 10:8:7. The backbone for pure 
polydimethylsiloxane (PDMSO) is CH3 ' which gives a I 
fSi-Ot I n 
CH3 
C:O:Si of 2:1:1. Therefore a discrepancy exists suggesting 
that the catheter material is not a pure PDMSO. Since no 
graphite particles seem to be present on the surface (Sec. 
3.1.3) it may be that a silica filler was used in these 
catheters. The presence of Si02fO-Si-Otn , on the surface 
with the PDMSO and a PDMSO/Si02 ratio of 2:1 would give a 
C:O:Si of 4:4:3. The table below shows different 












When comparing this table to Table 4.1 it can be 
seen that the untreated catheter shows a C:O:Si of 4:3:3, 
which corresponds to a PDMSO/Si02 of approximately 2: 1. 
The 30 second treated catheter shows a C: 0: Si of 7: 8: 5 
which is close to a 1:1 PDMSO/Si02 ratio. Continuing on, 
the 120 second treated catheter with a C:O:Si of 5:9:6 
corresponds to a PDMSO/Si02 of approximately 1:3, and, 
finally, the 300 second treated catheter shows a C:O:Si of 
3:10:7 which closely resembles a PDMSO/Si02 of 1:4. From 
this data it can be deduced that there exists on the 
surface of these catheters an Si02 filler which upon RFGD 
treatment becomes more prevalent, i.e., becomes more 
exposed on the surface. Fig. 4.5 and Table 4.1 show marked 
decreases in the atomic percent obtained for carbon and an 
increase in oxygen and silicon content. This is support 
for the increased expression of SiOZ on the surface with 
increasing RFGD treatment time. 
Figure 4.6 and Table 4.2 show that as treatment 
time progresses, the FWHM for Si2p increases, peaks and 
comes down again. At the same time the peak binding energy 
shifts upfield. This is again strong evidence for the 
presence of a silica filler, or possibly a mold release 
agent, on the surface of these catheters. The Si02 becomes 
more prevalent as RFGD treatment time increases most likely 
because surface reactions occur in which methyl groups from 
PDMSO are released by the energetic plasma and replaced 
with branching Si02 units. 
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Figure 4.5 Atomic percent of C, 0, Si as a function of radio-frequency glow discharge 
treatment time for the licone rubber catheter 
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Figure 4.6 The Si-2p spectra versus radio frequency glow discharge treatment time for 
the silicone rubber catheter. A - Untreated. B - 30 second treated. 




The 0-ls peak shows a significant increase in the 
FWHM as the treatment time progresses from 0 to 30 seconds 
(Table 4.2). This implies a change in the type of oxygen 
environment present for the Si02 versus PDMSO oxygen after 
exposure to the plasma. The decreasing carbon-oxygen ratio 
(Table 4.1), is again evidence for replacement of methyl 
side group by oxygen containing groups. 
Si02 is a likely surface by-product of the methyl 
cleavage of PDMSO, which may further explain the decreasing 
carbon-oxygen ratio. Feneberg et al. (72) have also 
suggested the existence of Si02 on the surface of PDMSO and 
other organopolysiloxane elastomers after ion bombardment. 
Triolo (38), using PDMSO spun cast on a glass 
microscope slide, also found large increases in oxygen 
percent after 300 second RFGD treatments. He concluded 
that with long treatment times almost all of the silicon 
and carbon was bound to two oxygens. The work done here 
does not support this conclusion, since a C:O:Si of 3:10:7 
for the 300 second treated catheters could not possibly 
consist of two oxygens per carbon and silicon. This is 
again evidence for the existence of an Si02 filler on the 
surface of the catheter. The discrepancy between this work 
and that done previously is that Triolo used pure PDMSO, 
and the materials used in these experiments were fabricated 
catheters with impurities and fillers present in the PDMSO. 
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The quantity of nitrogen present on the surface was 
unchanged over treatment time, remaining at approximately 
one half of one percent, with no nitrogen present on the 
untreated catheters. The nitrogen present on the treated 
catheters was most likely due to atmospheric nitrogen being 
incorporated during or after RFGD treatment by reactive 
species on the surface. 
4.2 Contact Angle 
Contact angle is a much more sensitive surface 
analysis method than standard XPS, in that it is a measure 
of the outermost 5 to 10 X of a material. Table 4.3 gives 
the results obtained for contact angles of all three inner 
catheter materials. Three to five tests were performed for 
each material at the previously specified treatment times. 
4.2.1 Polyurethane 1 
Table 4.3 and Figures 4.7 and 4.8 show the data for 
this polyurethane. A 23% decrease is found for the 
advancing water angle, and a 32% reduction is obtained for 
the receding angle from the untreated to the 5-second-
treated material. The remaining points stay within the 
standard deviation value of the 5-second point. Although 
the XPS analysis showed no sign of surface oxidation, the 
contact angle points to a definite increase in the polar 
nature of the surface upon initial exposure to RFGD. It is 
possible that the polyurethane is very resistant to 
Table 4.3 Advancing and receding water contact angles for PU" PU2 and SR at radio frequency glow discharge treatment times of 0, 5, 30, 120 and 300 sec~ds. 
Water Contact Angle 
Radio Frequency Glow Discharge Treatment Time 
Contact Angle 
(Degrees) Control 5 sec 30 sec 120 sec 300 sec 
-&adv 83 ± 3 66 ± 3 64 ± 5 64 ± 7 63 ± 10 PU1 
.g,rec 38 ± 2 24 ± 5 27 ± 3 24 ± 4 27 ± 2 
~dv 82 ± 2 59 ± 4 60 ± 8 64 ± 1 64 ± 1 PU2 
'-&rec 48 ± 5 29 ± 1 25 ± 2 27 ± 1 37 ± 2 
'&adv 125 ± 4 107 ± 8 99 ± 7 97 ± 2 68 ± 20 SR 
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Figure 4.7 Advancing water contact angle as a function of radio-frequency glow 
discharge treatment time for the treated inner catheters; polyurethane 1, 
polyurethane 2 and silicone rubber ~ 
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Figure 4.8 Receding water contact angle as a function of radio-frequency glow 
discharge treatment time for the treated inner catheters; polyurethane 1, 




oxidation and only the outermost molecular layers are 
involved with any surface chemistry. 
evidence for the photodegradation 
expressed in the XPS data. 
This again may be 
of the polymer, as 
Pellethane (Sec. 3.1), a pure polyurethane of which 
these catheters are similar, shows a dry (nonhydrated) 
advancing water angle of 87 ± 1 degrees, and a receding 
angle of 51 ± 1 degrees. These values are close to those 
obtained for polyurethane 1 (Table 4.3). 
4.2.2 Polyurethane 2 
This catheter shows much the same behavior (Table 
4.3) as the previous polyurethane. The advancing and 
receding angles, as a function of RFGD treatment, are shown 
in Figures 4.7 and 4.8, respectively. The advancing angle 
decreases 24% over the first 5 seconds of treatment, as 
with PUle A larger decrease is obtained, 43%, for the 
receding angle. The reason for this is unknown. Again, as 
with PUl , the contact angle reached a plateau value after 5 
seconds of RFGD treatment in both advancing and receding 
angles. 
4.2.3 Silicone Rubber 
As seen from Table 4.3 and Figures 4.7 and 4.8, the 
contact angle displays a rapid decrease from the zero to 
5-second treatment, a levelling off to the 120-second 
point, and an even more rapid drop to the 300-second point. 
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This may be evidence to support the hypothesis that silicon 
oxidizes preferentially to carbon until longer treatment 
time has transpired, as noted with the XPS data. 
A small study was performed to assess the effects 
of RFGD on the surface roughness of the silicone rubber 
catheters. With visual microscopy, 400X, no detectable 
difference was observed in the surface roughness of the 
untreated, EtOH-cleaned, and 5-minute-RFGD-treated 
catheters. All materials showed a smooth surface at 
approximately a 2.5p level. 
Other contact angle data with a pure PDMSO (73) 
shows much lower values for both advancing (89° ± 3.2°) and 
receding 55 ° ± 1 0) angles than those obtained for the 
untreated catheter material used in this study. 
4.2.4 Conclusions 
No correlation was established between the atomic 
percent of oxygen, as determined by XPS, and the advancing 
or receding contact angles for any of the catheter 
materials studied. 
Because the polyurethane catheters are already 
oxygen rich (71) any further oxidation would result in a 
small percentage oxygen increase not likely to be detected 
with XPS. If polystyrene, polyethylene or any other 
hydrocarbon polymer were used, a change in oxidation, as 
measured by XPS, would correlate well with the contact 
angle (37). It may therefore be concluded from the contact 
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angle analysis that oxidation of the surface did occur t 
even though it was undetected with XPS analysis. 
With the silicone rubber catheters a definite 
correlation can be observed between the carbon-oxygen ratio 
and the advancing or receding contact angle. From Table 
4.1 and Table 4.3 it can be seen that both the 
carbon-oxygen ratio and contact angles, advancing and 
receding, decrease with increasing treatment time. 
4.3 Friction 
4.3.1 Discussion 
Triolo (37) described five different types of 
behavior for polymer sliding friction with a flat-plate 
geometry. 
Type "A" (Fig. 4 . 9 a) . Many high-amp I i tude, low-
frequency spikes are observed. The peaks are sharp with 
steep slopes. This type of behavior seems to be a 
stick-slip nature as a result of repeatedly overcoming the 
adhesive or mechanical bonding of the two surfaces. The 
rapid rise and descent is indicative of a sticking followed 
by a jump to the next point of adherence. 
Type "B" (Fig. 4.9b). This behavior showed high-
amplitude, low-frequency peaks separated by sections of 
lower force. 
"A. " Peaks 
Rise time is greater for the peaks than in 
are sharp and fall rapidly. This type of 
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Figure 4.9a,b Representative graphs produced by friction 




where the slow rise time is allowing a greater stretch of 
the material, i. e. a greater energy storage. Once the 
elastomer is stretched, the stress overcomes the adhesive 
or mechanical bonds, causing the material to jump. This 
behavior is simply the elastomeric counterpart of type "A." 
T:i]~e "C" (Fig. 4.9c). Low-amplitude, high-
frequency spikes predominate, the opposite of type "B" 
friction. With type "C," the material is rigid and does 
not allow the storage of energy to produce the high 
amplitude peaks. It may also be that the polymers involved 
do not display as great an interfacial force to resist the 
pulling force. Type "C" is again a stick-slip friction, 
which is of lower degree than type "A" or type liB," to 
produce the low-amplitude, high-frequency peaks. 
Type "D" (Fig. 4.9d). A relatively smooth curve is 
obtained with a small spike at the beginning of the force 
versus distance curve. The remainder of the curve displays 
a relatively constant value. This is typical of most 
materials in that a larger force is required to ini tiate 
movement (static friction) than is required to maintain 
movement (dynamic friction). Not much energy is stored in 
the surface and adhesive or mechanical bonds fall readily. 
The force value in this case is largely dependent on the 
weight of the material. 
Type "E" (Fig. 4.ge). According to Triolo (37), 
type "E" behavior is a combination of type "A" and type "D" 












Figure 4.9c,d,e Representative graphs produced by friction 
types "C," "D," and "E." (See text for 
description.) 
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surfaces as a result of the pulling force being applied. 
This resulted in an increased force required to maintain a 
relative motion between the two surfaces. For Triolo's 
experiments, no abrupt failure of the interfacial forces 
occurred during the sliding period. He postulates that 
perhaps a plateau value would have eventually been obtained 
where the net energy input was balanced by the elastic 
recovery of the system. 
For the experiments in this study, the predominant 
behavior was those of types "B," "e," and "D." This will 
be discussed as each of the results is presented. The 
fluids used are represented as letters. "A" refers to the 
dry test; "B" is an initial wetting with PBS, with the 
wells filled again with PBS; and finally "D" is a one-hour 
soak in a 10 mg/ml albumin solution with the wells being 
filled with the same albumin solution. 
The data were obtained by reading off five points 
from the X-Y tracings, at intervals of approximately 3 cm 
of catheter pulled. These points were averaged and used as 
the final data value for each respective test. This 
procedure was chosen because the curves produced by these 
experiments reached a plateau level after the motion of the 
inner catheter began. A maximum friction value for each 
test and the maximum values were averaged over three tests 
(Tab Ie 4.4). 
Table 4.4 Friction values for the catheter pairs PE-PU1, PE-PU2, PE-SR, PU-PU1' PU-PU2' 
and PU-SR for radio frequency glow discharge treatment times of 0, 5, 30, 120 
and 300 seconds. The average force, standard deviation and average maximum" 
value for three tests per catheter pair is given. The friction values for 
each catheter pair are given for four different solutions. 
Radio Frequency Glow Oischarge Treatment T1me 
Control 5 sec 30 sec 120 sec 300 sec 
Force (S.D.) Rai Force (S.O.) Kii Force (S.D.) lraX (S.D.) JGX Force (S.D.) Rai 
Catheter S01 'n· (gm) (gm) (gm) (gt:n) 
PE-PUI 
A 36.9 ~ 6.3) 39.6 
B 30.5 3.3) 33.4 
C 21.1 ( 2.6) 30.4 
0 33.5 ( 6.7) 37.8 
A 9.4 ~ ( 2.9) 11.7 
PE-PU2 B 6.1 :t f 2.7~ 8.5 C 5.0 t 1.7 6.8 
0 13.1 ! ( 5.9) 21.3 
A 5.0 ~ ( 1.3) 8.7 
PE-SR B 4.0 ± ( 1.0) 8.7 
C 3.7 ! ( 0.9) 8.4 
0 2.6 1: ( 0.4) 4.3 
A 136.7 ± (29.2) 169.2 
PU-PUI B 114.2 :. {10.7} 140.6 C 113.9 :1 ~ 5.6} 142.5 
D 143.7 t 22.3) 183.3 
A 122.0 t (28.9) 174.5 
PU-SR B 85.0 ± (36.1l 155.0 
C 63.6 t f 6.0 134.6 
0 91.5 1: 23.8) 143.6 
PU-SR 
A 16.6 ( 5.2) 22.3 
8 2.8 ! 0.7J 3.8 C 3.2 0.3 4.2 
0 3.3 0.7) 4.2 
• A • Dry 
B • Wetted 
C • Hydrated 4 Hrs 
o • 10 mg/ml Albumin 
37.6 ( 2.8) 42.0 39.7 ~ 1.9~ 46.8 33.2 ( 2.3) 38.5 33.1 3.3 37.7 
29.2 ( 2.3~ 35.5 30.4 ~ 6.1~ 36.6 
40.6 ( 2.6 48.2 46.3 7.1 53.5 
11.5 t ! 4.l} 16.6 14.6:t ( 7.91 21.6 
6.1 ± 1.5} 8.9 8.8 ± ~ 0.7 11.4 
4.5:!: 2.6~ 7.4 5.6 t 2.5 8.0 
18.0 ± { 9.1 29.3 18.8 ± { 8.8} 2B.2 
7.3 1: ~ 1.6) 12.5 9.3 1 ~ 0.5) 13.0 
5.0! 0.3) 8.2 3.8 1: 0.6) 5.7 
5.5 1: ( 0.7) 6.8 3.9 1 ( 0.6) 5.7 
3.0 t ( 0.6) 5;3 3.3 ! ( 0.8) 6.5 
151.4 :t ~12.1~ 177.3 
95.3 1: 13.7 114.2 
123.2 :. ~22.3p43.3 
90.3:. 8.9 119.7 
94.5 :t {20.0~ 108.5 
131.8 ± (27.3 162.2 92.3 t ~13.6~112.3 113.3 t 14.9 138.1 
100.2 t {33.4~ 162.5 
69.0 :1 (46.6 141.4 152.3 :1 l12.1~214.7 56.2 ± 17.7 115.7 
52.5 ± ~ 6.2~ 109.6 
73.9 1: 3.0 122.5 
40.6 t p5.1~ 83.5 
91.8:1 13.8 149.7 
12.1 t 11.41 15.6 18.3 ( 1. 61 24 .7 5.0 t 0.1 7.6 7.6 ! 5.1 11.1 4.9:t 0.1 7.4 2.9 0,5 4.4 
5.3:!: 0.7 6.7 4.2 0.5 4.9 
PE • 8-D Polyethylene 
PU1 • Ducor Polyurethane PU • 8-0 Polyurethane 
SR2 • Cook silicone rubber 
37.3 ( 2.0) 44.5 45.2 ! ( 8.5) 49.9 
31.9 ( 4.81 38.6 33.3 :. ! 4.1 ~ 37.2 27.2 ~ 2.6 32.2 29.8 ± 3.0 34.1 40.3 6.4 47.9 40.9:t 9.2) 49.3 
13.0 t ! 2.8) 18.1 13.2 t ! 4.2) 23.0 
5.5 ± 1.8l 7.4 8.4 ± 4.5~ 11.8 
5.4 ± 1.4 8.0 4.4:t 1.1 8.0 
18.7 ! ( 9.7) 28.6 15.4 t 3.4) 29.5 
6.0 ± ( 1.1) 8.1 4.01 ~ 1.1} 6.8 
4.6 ! ( 1.4) 6.7 3.5! 0.9} 5.1 
3.4 ± ( 0.6) 5.0 2.9 ! ( 0.6) 4.4 
3.1 t ( 0.5) 4.9 2.9 ! ( 0.2) 4.8 
206.1 ! ~ 5.0) 249.1 
119.8 1 9.6} 153.1 208.7 :. ~ 8.0~ 246.2 151.1:t 34.6 193.2 
112.7 :t ( 7.2) 141.0 127.2 t (10.3) 165.9 
145.5 1 { 4.7} 186.4 162.2 :1 (15.2) 215.1 
106.8 1 (21.9) 176.1 109.9 (22.9) 18~.5 
52.6 ± ( 9.5) 93.0 54.0 (11.4) 128.5 
39.2 :. f 9.3~ 88.5 31.8 ( 4 .8~ 60.1 
84.7:. 13.5 139.1 100.3 (21.3 155.0 
14.0 · I 0.81 18.1 4.4 I \.01 8.2 3.3 1: 0.1 5.0 3.7 0.6 5.5 
3.0:t 0.6 4.4 2.4 0.3 3.2 




4.3.2 Polyethylene-Polyurethane 1 
Table 4.4 and Figures 4.10 and 4.11 show the 
results of friction tests with this catheter pair, 
polyethylene being the outer and PU1 being the inner 
catheter. Figure 4.10 shows no affect of RFGD treatment 
time on friction. A relatively constant friction value is 
obtained at all treatment times for each of the various 
fluids. 
Figure 4.11 shows friction as a function of the 
fluids utilized for this study for each of the RFGD 
treatment times. For each of the treatment times, the 
friction decreased from the dry system (A) to the wetted 
system (B). The friction then decreased again from the 
wetted to the hydrated system (C). Upon pretreatment of 
the polyurethane catheter in the albumin solution (D), the 
friction increased. The values obtained for the albumin 
system were higher than those of the dry system for the 5-, 
30-, and 120-second treatments, and remained slightly lower 
for the control and 300-second treatment. 
The catheter pair exhibited a combination of type 
"C" and "D" behaviors. The tracings displayed very 
small-amplitude, high-frequency peaks intermixed with 
periods of relatively smooth, constant values. This 
behavior would be indicative of a relatively rigid 
catheter, with a small amount of stick-slip behavior as a 
result of either small interfacial forces or a weak 
elastomeric component. 
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Figure 4.10 Friction as a function of radio frequency glow discharge treatment time 
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Figure 4.11 Friction as a function of the fluid media for the polyethylene-Ducor 
polyurethane catheter pair, PE-PU1 0') 
f-l 
62 
4.3.3 Polyethylene-Polyurethane 2 
This catheter pair behaved much like the previous 
pair. Figure 4.12 shows a relatively constant friction 
value for all RFGD treatment times. Figure 4.13 is much 
like Figure 4.11 for the PE-PU1 in that the friction values 
decreased from the dry to the hydrated system, and 
increased to the albumin-treated catheter. In this case, a 
higher value than that of the dry system is acquired for 
all of the albumin systems. 
This catheter pair exhibited predominately type "c" 
behavior with intermittent spikes occurring, expressing a 
more elastomeric nature than the polyurethane 1 pair. This 
is supported by the mechanical tests (Sec. 4.4) which 
revealed a lower tensile modulus for the PU2 catheter than 
for the PU1 catheter. 
4.3.4 Polyethylene-Silicone Rubber 
Table 4.4 and Figures 4.14 and 4.15 display the 
results procured for the PE-SR pair. Figure 4.14 exhibits 
much the same behavior as those previous, except in the dry 
case. For this case the friction rises initially, peaks at 
30 seconds, and subsequently decreases to the 300-second 
point. Figure 4.15 shows a continual decrease of the 
friction for each of the fluids used, including the 
albumin. 
The PE-SR pair displayed a combination of type "B" 
and "D" behavior. A slow rise time and sharp drop off was 
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Figure 4.12 Friction as a function of the radio-frequency glow discharge treatment 
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Figure 4.13 Friction as a function of the fluid media for the polyethylene-B-D 
polyurethane catheter pair, PE-PU2 (j) 
~ 


















o 60 120 180 240 300 
RFGD TREATMENT TIME (SEC) 
Figure 4.14 Friction as a function of the radio-frequency glow-discharge treatment 
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Figure 4.15 Friction as a function of the fluid media for the polyethylene-silicone 




observed; the peaks were very small in amplitude, giving a 
relatively constant friction value as the silicone rubber 
catheter was being pulled. 
4.3.5 Polyurethane-Polyurethane 1 
Table 4.4 and Figures 4.16 and 4.17 show the 
outcome of this pair of catheters. With these catheters, 
there seems to be a significant effect of RFGD treatment on 
the friction values. As seen in Figure 4.16, the friction 
increases after 30 seconds at least back to, and even 
beyond, the value of the untreated catheter for all the 
fluids. The various fluid treatments produce much the same 
outcome as previously (Fig. 4.17), the main difference 
being a much sharper drop in friction from the dry to the 
wetted and hydrated systems. Al though a sharp rise does 
occur from the hydrated to the albumin systems, the value 
never reaches that of the dry case. 
This catheter pair exhibits type "A" behavior with 
very high frequency peaks of relatively high amplitude. 
The peaks remained relatively constant for both maximum and 
minimum values. An initial spike was observed at the 
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Figure 4.16 Friction as a function of the radio frequency glow discharge treatment 
time for the Ducor polyurethane-Ducor polyurethane catheter pair, 
PU-PU1 (j') 
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Figure 4.17 Friction as a function of the fluid media for the Ducor polyurethane-




4.3.6 Polyurethane-Polyurethane 2 
Table 4.4 and Figure 4.18 show that for all fluids 
an initial decrease is observed from the untreated to the 
five-second point, after which each system varies with no 
correlation between RFGD treatment time and the friction 
observed. Figure 4.19 shows that, here again, the friction 
drops dramatically from the dry to the wetted system, and a 
large increase in friction from the hydrated to the albumin 
treatment. 
This combination of catheters exhibited a very 
definite type "B" behavior. Long, slow rise times with 
very sharp drop offs occurred. The excursions from peak to 
trough were of very high amplitude. This suggests that the 
combination of the two polyurethanes causes the inner 
polyurethane catheter to express more of an elastomeric 
nature than it does with the polyethylene outer catheter. 
4.3.7 Polyurethane-Silicone Rubber 
The consequences of the PU-SR pair are shown in 
Table 4.4 and Figures 4.20 and 4.21. Except for the dry 
case, no effect of RFGD treatment is seen on friction. As 
can be seen from Figure 4.20 for the dry test, the initial 
response at 5 seconds of treatment was a slight decrease in 
friction, after which the value rose markedly to the 
30-second point. Upon further RFGD treatment, the friction 
decreased rapidly to the 300-second point. 
Figure 4.21 displays the effect of various fluids 
with the PU-SR pair. Unlike the PE-SR catheters, the 
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Figure 4.19 Friction as a function of the radio-frequency glow discharge treatment time 
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Figure 4.19 Friction as a function of the fluid media for the Ducor polyurethane-B-D 
polyurethane catheter pair, PU-PU2 
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RFGD TREATMENT TIME (SEC) 
Figure 4.20 Friction as a function of the radio-frequency glow discharge treatment 
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Figure 4.21 Friction as a function of the fluid media for the Ducor polyurethane-




albumin treatment in this pair leads to a slight increase 
in friction over the hydrated system. Here, again, there 
is a drastic decrease from the dry to the wetted system. 
The frictional behavior of this pair was highly 
dependent upon the fluid utilized. This is to be noted, 
since none of the other catheter pairs exhibited this 
dependency. For the dry systems, the behavior was 
predominantly "c" type, even though there were intermittent 
smooth sections on the tracings. As the catheters were 
wetted, the frictional behavior resembled that of type liD," 
yet with small amplitude peaks of constant value. The 
hydrated catheters displayed the same type of behavior as 
the wetted system, with slightly more "c" character, in 
that more peaks occurred at constant intervals and higher 
amplitude. The albumin systems were all of type "D," with 
smooth curves throughout. 
It is believed that this dependency upon fluid is a 
result of the nature of the silicone rubber. As mentioned 
earlier, the silicone rubber seems to utilize the albumin, 
and also the PBS, to its advantage in decreasing the 
interfacial bonds between the silicone rubber and the other 
catheters employed. 
4 8 Conclusions 
The most obvious conclusions to be drawn from the 
above results are first, little or no effect of RFGD 
treatment on friction is observed, and second, the fluid 
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pretreatments show sometimes drastic effects on friction 
reduction. It may be inferred that a small friction 
increase takes place with a short, 5-second, treatment with 
the PE outer catheters since the majority of the results 
show this initial increase. This turns out to be statis-
tically insignificant with a P value of :>.01. With the PU 
outer catheter tests the data shows an initial decrease in 
the first 5 sec. This again proves to be statistically 
insignificant with a p value>. 05. Triolo (38), in his 
experiments, did obtain significant reduction of friction 
upon RFGD treatment of pure, spincast polymers. Comparable 
studies done by Triolo on polyethylene vs. silicone rubber 
in distilled water (38), showed large decreases in friction 
with this polymer pair upon a 300 second RFGD treatment. 
Triolo's film thickness may have had an influence on the 
resultant friction decrease. The difference also may be 
due to the geometries used, flat plate versus coaxial, or 
it may be a result of the difference in the polymers used. 
The outcome of various fluids utilized as pretreat-
ments was noteworthy. For all of the catheter systems, 
excluding PE-PUl , a decrease in friction of 30 to 50% 
occurred after the inner catheter was wetted in the PBS 
solution. Upon hydration for 4 hours in the PBS, a slight 
decrease occurred for all of the catheter pairs, and this 
decrease proved to be statistically significant (P < .005). 
One of the most interesting outcomes of this study 
is the effect of albumin pretreatment on the friction. As 
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was seen with the PE-PU2 catheter pair, the albumin data 
showed a consistently larger friction values than the dry 
system. For all catheter pairs, except PE-SR, the albumin 
pretreatment led to an increased friction value over the 
hydrated arrangement. The concentration of albumin used, 
10 mg/ml, closely approximates that of actual human blood 
levels, 35-55 mg/ml (74). It may be, with clinical 
catheterization, that the albumin present in the blood aids 
in the increase of friction between the coaxial catheters, 
either due to interfacial interactions or increased 
viscosity. The other blood elements (red blood cells, 
platelets, etc.) may also play a large role in the 
friction, especially when coagulation occurs (Unpublished 
observation). This is not the case, of course, when the 
catheters are continually flushed out and kept clear of 
blood materials. 
The reason behind the decreased friction values of 
the albumin treatment of the PE-SR system is worth 
investigating further. The interfacial friction between 
the polyethylene and the silicone rubber is obviously 
decreased with the albumin fluid. It is known (75-78) that 
albumin binds almost irreversibly to polyethylene and 
silicone rubber through hydrophobic interactions. It is 
also hypothesized that the albumin molecules line up in 
either an end to end or side by side fashion setting up a 
regular, symmetrical monolayer on the surface of the 
polymer. Since the largest hydrophobic region of the 
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albumin molecule is utilized in the bonding of the protein 
to the polymer, the hydrophilic region of the protein will 
be exposed, favoring a water layer on the hydrophilic 
surface of the protein monolayer. In the case of the 
polyurethane catheters, the larger, somewhat hydrophilic, 
soft ether component of the polymer, along with the hard 
segments of the material may make the bonding of the 
albumin less strong and more reversible. The hydrophilic 
polyurethanes most likely bind the albumin through 
electrostatic forces (75) with the hydrophilic region of 
the albumin. This may expose the hydrophobic region of the 
albumin leading to a monolayer with a small water 
component. 
Classical fluid dynamics describes a shear stress, 
f' occurring between a surface in relative motion with 
respect to an opposing surface and that opposing surface 
(79). This gradient of shear assumes a "no-slip" condition 
at each of the surfaces (79). This is the classical 
measurement of viscosi ty (80). If the boundary layer on 
either surface is not consistent with the "no slip" condi-
tion the gradient will be lessened and the shear stress 
diminished. The shear stress is an indirect measure of the 
dynamic friction between two surfaces and therefore, in 
this case, the friction would be reduced. 
It may be hypothesized that the adsorption of 
albumin on a hydrophobic surface, such as the polyethylene 
and silicone rubber used in these experiments, which leads 
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to a water layer on the exposed hydrophilic regions of the 
albumin, may serve to reduce the friction by decreasing the 
shear stress gradient in the boundary layers of the two 
surfaces. This would also account for the increased 
friction observed with the polyurethanes upon albumin 
treatment because of the exposed hydrophobic regions of the 
albumin minimizing the water layer and possibly maximizing 
the shear stress and, consequently, the friction. 
This argument would also suffice to explain the 
intermediate friction change obtained with the PU-SR 
system. The silicone rubber will bind the albumin in such 
a way as to decrease the shear stress at its surface, 
whereas the polyurethane acts to increase its shear stress 
at the surface thereby cancelling out the two effects and 
providing little or no friction change from the hydrated 
value. 
oxygen 
As the carbon-oxygen ratios 
remained constant with the 
and atomic percent 
polyurethane inner 
catheters, upon treatment with RFGD, no correlations could 
be determined between carbon-oxygen ratios and friction. 
For the silicone rubber catheters, even though the 
carbon-oxygen ratio varied, no correlation could be 
determined. The same held true for contact angle versus 
friction. 
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4.4 Mechanical Tests 
Four to six tests were performed on each of the 
three inner catheters, and the values compared with those 
in the literature. For the PUI catheters, the tensile 
modulus obtained was 3.6 x 104 ± 4.7 x 10 3 PSI. The 
literature values (71) for polyurethanes range from 1 x 10 4 
to 3.5 x 105 psi. The value obtained in these tests is 
therefore within the range of those in the literature. 
Since the values are in the lower range of the literature 
values, it is assumed that these catheters are comparably 
more elastomeric. 
The PU2 catheter showed a lower tensile modulus 
than did the PU1 catheter. The average value of six tests 
gave 2.4 x 10 3 ± 4.5 x 102 psi. Again, this value is on 
the low end of the literature values, inferring a catheter 
with an elastomeric nature. Both of these polyurethane 
catheters displayed elastomeric friction behavior of type 
"C," demonstrating a stick-slip friction which may not have 
been as predominant if the catheters expressed a higher 
tensile modulus. 
The silicone rubber catheters gave an average value 
over four tests of 31.1 ± 15.1 psi. The values reported in 
the literature depend heavily upon the nature of the 
silicone rubber used. Most silicone rubbers are filled 
with silica, graphite, or other reinforcing material. 
These fillers give the material the strength desired for a 
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particular application. The literature values (81) there-
fore range from 1 to 100 psi. 
4.5 In Vivo Tests 
The results of the study done in the hepatic artery 
of a dog were inconclusive. The many uncontrollable 
variables made any quick quantitative tests very difficult. 
These variables included the wedging of the outer 
catheter's tip against the wall of the blood vessel at the 
point of the turn into the smaller vessel. As this occurs, 
it would hinder the path of entry of the smaller catheter 
into the larger catheter, resulting in erroneous force 
measurements. 
A second variable which needed to be considered is 
that of arterial blood flow in the artery. These tests are 
done with live animals, and therefore large arterial 
pressures make the friction data false by introducing an 
increase in resistance (blood flowing away from the 
catheter junction), or actually pushing the inner catheter 
back out of the outer catheter. The latter actually 
occurred. When the catheters were placed in the aorta from 
the femoral artery, the inner catheter was forced rapidly 
out of the outer catheter, due to the extreme aortic 
pressure. 
Other uncontrollable variables included constant 
coagulation of blood (even though the animal was more than 
adequately heparinized), control of position of the 
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catheter within the artery, reproducible placement of the 
outer catheter in the hepatic artery, and patency of the 
vessel upon constant intrusion by the catheters. Before 
any quantitative study on friction of coaxial catheters in 
vivo could be attained, all these variables would have to 
be controlled or otherwise eliminated. Since this was a 
piggyback study, no further attempts were made to minimize 
the affects of the variables and the study was therefore 
discontinued. 
CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE \V'ORK 
Radio frequency glow discharge treatment of poly-
urethane catheters for times of 0, 5, 30, 120, and 300 
seconds showed no evidence of oxidation of the surface, as 
seen with XPS. A degradation of the polymer seems to take 
place over the treatment time. This degradation could be 
either a photodegradative process or it could be surface 
chemical reactions, and should be further investigated. 
X-ray photoelectron spectroscopy of the silicone rubber 
catheters shows defini te oxidation of the surface. The 
type of oxygen moieties obtained needs to be looked at in 
more detail to determine the relationship between the 
oxidation and contact angle or friction data. The XPS data 
also show a continuing increase in oxygen present as 
treatment time continues. It may therefore be possible to 
further oxidize the surface with RFGD treatment times 
longer than five minutes. 
The contact angle data shows that RFGD treatment 
makes all of the polymer surfaces more hydrophilic within 
the first 30 seconds. This may be the result of oxidation, 
as with silicone rubber, or it may be due to a rearrange-
ment of the surface chemistry to 
surface, as with the polyurethanes. 
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create a more polar 
Hydration of similar 
polymers and subsequent contact angle analysis showed no 
significant effects on the surface energy of the material 
(38). 
The friction analysis may best be summarized by 
saying that RFGD treatment does little or nothing to reduce 
friction with these catheter materials, whereas the use of 
various fluids as pretreatment and testing media produces 
marked friction reduction. The most significant outcome of 
this investigation is the increased lubricity obtained upon 
treatment of the silicone rubber catheters in an albumin 
solution. An in-depth analysis of this phenomenon is 
warranted. It would be advisable to do a pretreatment of 
all these catheters in an albumin solution and subsequently 
wash the catheters to look at protein adsorption with XPS 
or other means, to determine how the protein aids in the 
process of friction reduction. Running the friction tests 
after the adsorption of albumin in dry, PBS, or even saline 
solutions, would be the next step in the determination of 
the mechanism of this friction reduction. 
Although RFGD treatment exhibits no effect on the 
resultant friction, it may be that treatment of the outer 
catheter I s luminal surface might aid in the reduction of 
friction. This could be done by using the lumen of the 
outer catheter as a plasma chamber. It could be evacuated, 
then treated by passing a radio-frequency coil over the 
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catheter, thereby treating the luminal surface. 
Triolo (38) suggests variable cross-linking of the 
materials, in particular SR, to assess the chemical versus 
mechanical contributions to friction. A study of the 
effects of RFGD treatment on the thrombogenic nature of the 
catheters would also be worth pursuing. Work by Smith (82) 
and others has demonstrated good correlation between 
biological cell adhesion to surfaces and their contact 
angle measurements. Triolo (38) showed that platelet 
adhesion occurred less to the oxidized polymers than to the 
control surfaces. This may suggest that the oxidized 
surfaces may be more blood compatible. This needs to be 
examined in vivo. 
Other avenues to obtain friction reduction in 
coaxial catheters need to be pursued. It may be 
advantageous to employ chemical lubricants, such as 
glycoasaminoglycans, in these systems. Glycoasaminoglycans 
are used in nature to reduce friction between two surfaces, 
as seen with hyaluronic acid in the synovial fluid of the 
knee. These mucopolysaccharides could be covalently or 
ionically bound to the surface of the polymer, thereby 
reducing or eliminating contact between polymers, resulting 
in reduction of the frictional components. 
More inner (small diameter) catheters need to be 
investigated. To this point, very few materials are 
utilized in the manufacture of these smaller catheters, as 
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the market has not yet opened to this technology. A more 
thorough look at the different material responses to all of 
the aforementioned techniques for friction reduction would 
be merited. 
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